HE failure of ventricles to enlarge after shunt malfunction in long-term shunt-dependent patients has perplexed investigators for many years. 3, 8, 10, 14 These patients often become very sick due to high ICP and slitlike ventricles are frequently detected at presentation. It is generally believed that the failure of the ventricles to enlarge is related to decreased brain compliance in these patients; however, the findings of Shapiro, et al., 15 have indicated that the pressure-volume index in these patients who acutely deteriorate is normal. Engel, et al., 9 have argued that periventricular gliosis due to long-term shunt-dependency prevents enlargement of the ventricles and causes elevated ICP and acute deterioration. Such periventricular gliosis has been shown in shunt-treated experimental hydrocephalus models. 4, 11, 21 There is, however, no direct evidence that periventricular gliosis can or does restrict ventricular enlargement at the time of shunt malfunction in experimental or clinical hydrocephalus.
ducted after patients had been intubated and general anesthesia had been administered. Induction was performed using pentothal or propofol, and anesthesia was maintained with 1 to 2% isoflurane. Blood pressure and pulse rate were monitored noninvasively.
At the time of shunt revision the occluded proximal catheter was removed using intraluminal coagulation. A new ventricular catheter, preconnected to a pressure transducer by a three-way connector, was rapidly replaced through the same track by a soft pass to minimize loss of CSF that is inevitable during the procedure. If the proximal catheter was open it was directly connected to the transducer by a threeway connector to measure the ICP at the time of shunt revision. The transducer was zeroed to the level of the burr hole. The CSF was then drained to normalize the ICP. An ICP monitor (Codman) was inserted through the same burr hole but away from the sheath of the ventricular catheter into the parenchyma. The monitor was placed at a depth of 2 cm from the cortical surface and connected to the same strip recorder so that recordings could be obtained simultaneously from the ventricle and brain parenchyma. A baseline pressure waveform was obtained on a strip recorder at 6 cm per minute, and a tracing was obtained following the administration of a bolus injection through the three-way connector on the ventricular catheter into the ventricle. A variable amount (2-10 ml) of injected fluid was required because patients with greater brain compliance required a larger volume to obtain an optimal waveform response. Two sets of measurements were completed.
Results
Despite some loss of CSF during shunt revision, the mean IVP at presentation was high, measuring 24.1 mm Hg (SD 10.7 mm Hg; range 15-54 mm Hg). In 11 patients, the mean IVP at presentation was greater than 15 mm Hg. The mean IVP was significantly higher in patients who were obtunded compared with those who experienced headache or vomiting (33.5 Ϯ 10 mm Hg and 17.9 Ϯ 4.9 mm Hg, respectively; p Ͻ 0.01).
The baseline IPP after drainage of CSF but prior to the infusion study was 9.7 Ϯ 4.7 mm Hg and was significantly higher than the IVP of 7.5 Ϯ 4.4 mm Hg (p Ͻ 0.001) (Fig. 1) . When stratified for the site of the shunt, this difference was significant only in the nine patients with parietal shunts and not in those six patients who underwent frontal shunt revision (12. Following the infusion of fluid into the ventricle, there was no significant difference between the increase in the IVP and the IPP (3.6 Ϯ 2.3 and 3.3 Ϯ 2.1 mm Hg, p = 0.39 for the first set; 3.5 Ϯ 1.1 and 3.2 Ϯ 1.2 mm Hg, p = 0.12 for the second set of measurements) (Fig. 2) . The difference between the mean increase in IVP and IPP was not significant even when stratified by etiological factors (p = 0.39 for posthemorrhagic hydrocephalus of prematurity and p = 0.6 for congenital hydrocephalus) or symptoms ( Table 1) .
The mean pressure-volume index calculated using the method described by Shulman and Marmarou 19 was 24.1 ml (standard error of the mean 4.6 ml).
Discussion
Physical principles indicate that the compliance of a barrier separating two compartments determines the transmission of pressure from one to the other. A noncompliant or stiff barrier will not allow pressure transmission and, therefore, a gradient of pressure across the compartments will result. If a change in pressure occurs in one compartment, the amount of pressure change in the other compartment is lower if the barrier is stiff and noncompliant. These principles are explained in mathematical terms in the Appendix.
In this study the failure to demonstrate a significant difference in the change of pressure in the ventricles and the brain after infusion of fluid is evidence against the presence of a stiff ventricular wall. There is, however, strong evidence for the existence of periventricular gliosis that could result in a stiff ventricular wall. 4, 6, 7, 21 Microscopic examinations of the ependymal wall in experimental hydrocephalus reveal severe ependymal damage and subependymal edema during the early stage of the evolution of hydrocephalus. 5, 11 A massive loss of cilia along the ependymal surface occurs, and within 3 hours of the induction of hydrocephalus by balloon occlusion of the fourth ventricle, a noticeable increase in the subependymal astroglial activity is evident. 5 After 60 days an attempt at ependymal regeneration is apparent, and chronic edema and reactive gliosis at the subependymal level begin. Similar changes have been observed in the ventricular wall adjacent to a ventricular catheter even in animals without hydrocephalus. 4, 7 Engel, et al., 9 have proposed that the shunt catheter itself promoted the induction of subependymal glial proliferation. Pressure necrosis occurs in the places where the catheter touches the ependymal wall, and a gradual denudation of the cilia is evident. The inflammation of the periventricular tissue leads to gliosis and the outgrowth of tissue into the catheter. 4 The most marked changes in the periventricular region, however, were found in experimental hydrocephalus that was treated with an effective shunt rather than an ineffective shunt; 21 this occurred despite the normalization of water content and the extracellular space in animals treated with an effective shunt. It is believed that this phenomenon represents an ongoing process of tissue injury related to abnormal stresses created by shunt-induced negative pressure within the ventricle. 21 From such dramatic periventricular gliosis and the resulting resistance to cannulation of the ventricle during shunt surgery it has been inferred that altered ventricular compliance is responsible for failure of the ventricles to dilate in shunt-dependent patients at the time of shunt malfunction. In this study there is no direct evidence of the existence of periventricular gliosis; however, the results provide compelling evidence that the ventricular wall is not stiff and is unlikely to restrict ventricular enlargement.
Additional support for our contention can be found in the only detailed autopsy examination report on patients who suffered from both slit ventricles and shunt malfunction. Del Bigio 6 compared the histopathological findings in the case of a 10-year-old patient who died as a consequence of shunt malfunction that occurred without dilation of the ventricles with a case involving a patient who died of shunt malfunction and in whom the ventricles were dilated. The same degree of astrogliosis was evident in the periventricular region of the former patient and in that of the patient in whom the ventricles were dilated as a result of shunt malfunction.
In the present study a significantly higher pressure was recorded in the brain parenchyma compared with that obtained in the ventricles in patients with parietal rather than frontal shunts. This discrepancy was probably artifactual and related to the hydrostatic pressure difference between the levels of the Codman pressure monitor and the tip of the ventricular catheter, a difference which is likely to be greater in the lateral position required for a parietal revision than in the head-in-neutral position required for frontal revision.
In the absence of significant restriction caused by the ventricular wall, it is unclear why ventricles fail to dilate in patients suffering from acute shunt malfunction. Benzel, et al., 2 have proposed that increased venous transmural pressure is evident in long-term shunt-dependent patients due to long-term shunt overdrainage and a negative ICP. This condition results in venous congestion and high brain elasticity that may prevent ventricular enlargement; however, no supportive evidence for an increased brain elasticity in these patients can be found in the literature. Shapiro, et al., [15] [16] [17] reported a normal pressure-volume index in longterm shunt-dependent patients whose conditions deteriorated as a result of high ICP without ventricular dilation following shunt malfunction and a high pressure-volume index in patients whose conditions deteriorated slowly and in whom progressive dilation of the ventricles was evident. Among our patients, in all of whom small or slit ventricles were detected at presentation, the mean pressure-volume index (24 ml) was greater than that expected for patients in this age group. 18 Rekate, et al., 13, 14 contended that such patients experience high brain turgor from venous outflow obstruction, such as that which occurs from syndromic craniosynostosis; however, this hypothesis may not explain the failure of ventricles to dilate in the majority of chronic shunt-dependent patients in whom venous outflow is nor- mal. Compensatory venous congestion may result in patients with long-term shunt-dependency due to the uncoupling of the CSF-venous Starling relationship. 1 It is possibly the increase in venous distensibility, which leads to a rapid collapse of the veins due to even a slight change in transmural pressure at the time of shunt malfunction. This results in venous congestion and a rise in brain parenchymal pressure, which prevent ventricular enlargement.
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Conclusions
Although there is morphological evidence for the presence of periventricular gliosis in some long-term shuntdependent patients, the findings of our study indicate that the periventricular wall does not restrict enlargement of the ventricles. A complex interaction between the altered venous compliance, venous distensibility, and a change in blood flow to the brain related to prolonged CSF overdrainage ove may be among the factors responsible for the failure of ventricles to enlarge.
Appendix
If the initial pressure in the ventricle is Pvi and that in the brain is Pbi and the compliance of the ventricle and the brain are defined as Cv and Cb. After injection of volume (v) into the ventricle, the final pressure in the ventricle is Pvf and in the brain Pbf, then the following relationships are obtained:
The pressure across the partition between the ventricle and the brain (the periventricular region) is initially ⌬pi and after infusion of fluid in the ventricle is ⌬pf, hence:
The relationship between the changes in the pressure across the periventricular region (⌬p) for a change in volume (⌬v) represents the compliance of the periventricular region (Cp). Hence: ⌬p = ⌬pf Ϫ ⌬pi = Pbf Ϫ Pvf Ϫ (Pbi Ϫ Pvi) = Pbf Ϫ Pbi Ϫ (Pvf Ϫ Pvi) = ⌬Pb Ϫ ⌬Pv, where ⌬Pb = Pbf Ϫ Pbi and ⌬Pv = Pvf Ϫ Pvi
The stiffness or the compliance of the periventricular region (Cp) can hence be estimated by difference in the change in the pressure within the brain compared with that in the ventricle (⌬Pb Ϫ ⌬Pv) after infusion of fluid into the ventricle. A greater difference in the pressure would indicate that the periventricular region is stiffer and vice versa.
